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ABSTRACT
Reliable ohmic contacts were established in order to study the strain sensitivity of nanowires and nanobelts. 
Signifi cant conductance increases of up to 113% were observed on bending individual ZnO nanowires or CdS 
nanobelts. This bending strain-induced conductance enhancement was confirmed by a variety of bending 
measurements, such as using different manipulating tips (silicon, glass or tungsten) to bend the nanowires 
or nanobelts, and is explained by bending-induced effective tensile strain based on the principle of the 
piezoresistance effect.
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Semiconductor nanowires (NWs) and nanobelts 
(NBs) are currently attracting considerable interest 
as they are expected to play an important role in the 
development of nanodevices and nanotechnologies 
[1 3]. Recently, the electromechanical properties 
of nanowires and nanobelts have attracted great 
attention [4 7]. In particular, piezoelectric ZnO 
NW arrays have been utilized successfully as a 
nanogenerator [8]. Great emphasis has been put on 
establishing a Schottky contact with the NWs, so 
that piezoelectric gates and contact potentials can 
be utilized as sensors and switches [9, 10]. To study 
the strain (especially bending strain) effect on the 
intrinsic electronic transport properties of NWs or 
NBs, ohmic contacts are highly desirable, so that the 
observed conductance change arises mainly from 
the NW or NB without the infl uence of the contacts. 
Here we show that a large increase in conductance 
can be induced by bending individual ZnO NWs 
or CdS NBs with ohmic contacts. Using different 
manipulating tips (silicon, glass and metal), a 
variety of bending measurements were conducted 
in order to confi rm the bending modulation of these 
nanostructures. Our observed phenomena have been 
explained by the piezoresistance effect. 
ZnO NWs were prepared by a simple method 
of physical vapor deposition [11]. The synthesis 
was carried out in a conventional furnace with a 
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horizontal alumina tube, and the growth direction 
of the ZnO NWs was [001]. The nanowires were 
dispersed into ethanol and a single ZnO NW (about 
300 nm in diameter) was transferred over a trench on 
an SiO2-covered (500 nm) Si substrate by a glass fi ber 
under an optical microscope. A dual beam focused 
ion beam (DB235-FIB) system was used to etch the 
trenches and to deposit Pt electrodes in order to pin 
the ZnO NW of interest, as depicted schematically in 
the insets of Fig. 1. The linear I–V characteristic of the 
nanowire indicates that good ohmic contacts have 
been achieved. The problem of how FIB-deposited 
Pt affects our experiments must be considered. The 
FIB-affected region is about 1 μm, where Pt or Ga 
may injected into the ZnO nanowires to improve 
the contact properties, and in an extended region 
of about 2 3 μm, a very thin carbon film will be 
deposited. Outside this extended region, the effect 
of FIB can be neglected. As our NWs is over 40 μm 
in length and the middle region of about 10 20 μm 
suffers the actual bending strain, we can study the 
bending strain effect on the ZnO nanowires while 
utilizing the stable ohmic contacts. A scanning probe 
microscope (SPM, 3800N, Seiko) was used for the 
bending experiments. The dynamic force microscope 
mode was used for searching and locating the ZnO 
NWs during operation, and the AFM mode (silicon 
AFM tip) was employed to push the nanowires. 
A small lateral push was applied by moving the 
AFM tip along the trench; the current increased 
dramatically with strain and dropped when the 
strain was released, leaving conductance pulses, as 
shown in Fig. 1(a). Two current peaks appeared with 
an inter-peak time of 50 s. Applying a very large 
lateral bending force led to breaking of the NW and 
an abrupt drop in the current to zero. The largest 
increase in conductivity was about 113%, as shown 
in Fig. 1(b). The low-conductance state can represent 
the off (“0”) state, and the high conductance the on 
(“1”) state. Therefore, modulation of the conductance 
in ZnO NWs via bending can be used as a nanoscale 
switch or other electromechanical  device in 
nanoelectromechanical systems (NEMS). 
To exclude the possibility that the observed 
enhanced conductance may be caused by other 
effects, such as a static charging effect due to the 
conducting AFM tip, a glass fi ber was used to deform 
the NW under an optical microscope. Figure 2(a) 
shows the current time relationship at a constant 
bias voltage of 0.1 V. Bending the NW to a certain 
position and holding that bending deformation 
produced a very clear current step. Due to vibrations 
in the apparatus (noise on the current stage) the bent 
NW was broken after less than 20 s. The current–
time curve is consistent with that obtained using a 
conducting AFM tip. Attention should be paid to 
where the NW was bent and broken. As we can see 
from the insets in Fig. 2(a), deformation and breaking 
happened in the part over the trench. Furthermore, 
using a tungsten tip instead of a glass tip to conduct 
similar experiments gave the same result. 
Our experiments were also extended to CdS 
NBs. As shown in Fig. 2(b), a glass fiber tip was 
manipulated to a position under the CdS NB with 
fi xed ends. As the tip was tilted and pushed forward, 
Figure 1 (a) The current–time relationship with a lateral push along 
the trench to bend the ZnO NW, where the two peaks identify two 
conductance cycles of bending and release; (b) the ZnO NW breaks 
under an increased bending deformation. The bias voltages in (a) and 
(b) are 0.1 V and 5 V, respectively. Upper inset: Schematic illustration 
of the process. Lower inset: SEM image of a single ZnO NW over a 
trench. The scale bar is 10 µm
(a)
(b)
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the NB was bent. Similar to the experiment for ZnO 
NWs, we observed a bending-induced enhancement 
in conductance, and generated current stairs by 
modifying the applied bending force. This means that 
the different materials have a similar response under 
bending deformation.
Since the stability of the contacts between the NW 
and the electrodes may affect the I–V results during 
the bending experiment, a free moving contact was 
generated in order to conduct static electromechanical 
measurements. Different from the fi rst two dynamic 
measurements in which measuring the I–V curve is 
impossible while maintaining a stable bending strain 
deformation we bent the NW to different degrees, 
and then statically measured the I–V curves. In this 
way, we correlate the bending strain (D/2R) with the 
conductance change, where D is the diameter of the 
nanowire (400 nm in this sample) and R is the radius 
of curvature of the bent nanowire. In this experiment, 
we deposited Pt on the ends of a ZnO NW lying on 
two nearby electrodes. Under the optical microscope, 
we used a glass fi ber to occasionally move one of the 
NW ends together with the Pt, which was originally 
deposited on the electrode to fix the nanowire. 
In this way, we can maintain both metal-to-metal 
ohmic contact and a free moving end of the NW for 
the bending experiment. As shown in Fig. 3, as the 
bending degree increased, the conductance showed a 
corresponding increase; as the bending was released, 
the conductance fell accordingly. When the NW 
end was returned to its original position, with some 
deformation still present in the NW, the conductance 
was slightly higher than the original value. Careful 
observation showed a minor asymmetry of the 
changes in the two bias regions; in our opinion, 
this minor asymmetry may arise from the moving 
contact, which may induce a very low contact barrier. 
The insert shows the bending strain-conductance 
relationship the conductance was increased by as 
much as 10.7% when the bending strain reached 
0.21%. These linear I–V curves and the reversible 
modulation further confirm that the contacts in our 
electromechanical experiments were stable ohmic in 
nature. 
Bending can change the band structure [12] of ZnO 
NWs, which will significantly affect the electronic 
transport properties of individual ZnO NWs. 
Especially, this bending-induced inhomogeneous 
strain (outer tensile and inner compressive) will 
narrow the band gap and warp the band, resulting 
in an effective tensile strain along the NW. As 
the bending strain is inhomogeneous, tensile and 
compressive strain, shear strain (even in the middle 
part) coexist, and the bottom of the conduction band 
will split into broad sub-bands, each representing 
a different kind of strain effect. The tensile strain 
and shear strain tend to narrow the band gap, since 
their states are much lower than the compressive 
states. The free electron carriers will be mainly 
distributed in the lower sub-bands; this is why the 
tensile strain takes effect. Another reason is that the 
electron effective mass in different crystal directions 
can be affected differently by this complicated 
Figure 2 (a) The current–time relationship (under a bias voltage of 
0.1 V) using a glass tip to bend ZnO NW under an optical microscope. 
The insets are optical photographs corresponding to holding a bent 
state (left), and after being broken (right); (b) similar experimental 
results for CdS NB (under a bias voltage of 5 V); stairs appear by 
modifying the bending force
(b)
(a)
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bending strain, and the tensile strain may reduce the 
effective mass in the axial direction. Based on the 
piezoresistance effect, this effective tensile strain—
which narrows the bandgap—should increase the 
concentration of lighter carrier in the axial direction 
and finally enhance the carrier mobility [4] and 
result in the observed bending-induced conductance 
enhancement in our electromechanical experiments. 
As the bending strain in ZnO NW itself is quite 
complicated, the way affects the band structure 
and enhances the carrier mobility needs further 
investigation. 
In conclusion, we have investigated bending-
induced enhancement in the conductance of 
individual ZnO NWs or CdS NBs. Different kinds of 
manipulating tips were used to confi rm the validity 
of the observations. A free moving contact was 
achieved in order to further confirm the stability 
of the ohmic contact at the nanowire. These strain-
sensitive phenomena may fi nd potential applications 
Figure 3 (a) Schematic illustration of the experimental process; (b) and (c) correspond to images of an 
individual ZnO NW before bending and being held bent, respectively; (d) I–V relationships of static bending 
states. The inset shows the variation in conductance with bending strain
(a) (b) (c)
(d)
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in nanowire-based nanotechnology,  f lexible 
electronics and nanoelectromechanical systems. 
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